Opencast coal mining damages the land in arid grassland mining areas where topsoil is scarce. Restoration of the soil chemical properties is important for land reclamation and the rebuilding of vegetation. We studied a south dump after 4 years of reclamation, a north dump after 8 years of reclamation, and undamaged land to identify changes in the soil profile after mining and reclamation. Variance, correlation, and principal component analyses assessed spatial and temporal differences, and correlations between soil organic matter (SOM), total nitrogen (STN), available phosphorus (SAP), available potassium (SAK), and soil pH (pH) in the 0-40 cm layers. The soil chemical properties were evaluated to support the reconstructed soil profiles and guide soil reconstruction in grassland mining areas. SOM, STN, SAP, and SAK in the south dump were significantly lower than those in the undamaged land. SOM and STN levels in the north dump were lower than those in the undamaged land. SAP and SAK levels in the north dump were higher than those in the undamaged land. Therefore, land reclamation can improve the chemical properties of the reconstructed soil profile in grassland mining areas lacking SAP. Principal component analysis revealed that increasing reclamation years improved the soil chemical quality, and that of the surface soil was better than that of the lower layer. The chemical quality of the soil below 20 cm was consistent. At 0-40 cm, correlations between the soil chemical properties declined from top to bottom, and changed from interdependent to mutually independent; SOM was the core element. The use of topsoil and coal gangue to construct soil profiles can improve the soil chemical properties and resolve the difficulties of land reclamation caused by surface soil scarcity and droughts.
Introduction
China is a large coal mining country, and since the foundation of the People's Republic of China, coal has accounted for approximately 70% of disposable energy consumption. The proportion of opencast coal mining in the total output has increased to 30%, 1,2 therefore coal resources are an important material basis for national economic and social development.
3,4
However, land damage caused by opencast mining restricts the sustainable development of mining areas. 5, 6 China's large opencast coal mines are mostly distributed in ecologically fragile areas. 2, 7 With the construction and production of opencast mines, dumps occupy a large amount of land and destroy the soil structure, resulting in soil nutrient loss, which affects vegetation growth and ultimately destroys the original landform and ecological environment. 8, 9 Therefore, research on reconstructed soil quality in the land reclamation of dumps has attracted much attention. It is key to improve reclamation technology and quality by comparing the chemical status of reconstructed soil from different reclamation years. The Land Reclamation Quality Control Standards in China (TD/T 1036-2013) clearly indicate the control range of soil chemical indicators such as SOM and pH values in reclaimed land. Studies have shown that signi-cantly different chemical properties exist between the soils from reclaimed and undamaged lands from different locations and years. [10] [11] [12] [13] [14] By analyzing the differentiation and mechanisms of the chemical properties of reconstructed soil, Cao et al. 15, 16 proposed specic measures to optimize the techniques of land reclamation from a microscopic perspective. Farnden et al. 13 showed that reconstructed soil tends to present lower fertility than natural soil, however improved nutrient status can effectively improve soil quality. 17 In addition, related studies indicate that reconstructed soil chemical factors are the main factors affecting vegetation distribution. [18] [19] [20] Liu et al. 21 used one-way ANOVA and tting analysis to effectively reect differences and relationships between reconstructed soil chemical properties and NDVI. Therefore, studying the chemical properties of reconstructed soil is important for rebuilding vegetation and ecological restoration. 11 Presently, the study of reconstructed soil chemical properties in China mainly focuses on the Loess Plateau region, and most scholars conduct research based on a single indicator, ignoring the correlations between the soil chemical properties. However, the study of the chemical properties of reconstructed soils in grassland mining areas with very scarce topsoil and an arid climate is rare.
To further enrich the research on soil reconstruction in opencast mining areas, the objectives of this study were to: (1) analyze the differences and correlations between the chemical properties of reconstructed soil, and to study the mechanisms responsible, (2) comprehensively evaluate the chemical properties of reconstructed soil to provide information for soil reconstruction and vegetation rebuilding, and (3) explore the land reclamation modes suitable for grassland mining areas with scarce topsoil and an arid climate.
Materials and methods

Study area
The Shenhua Beidian Shengli opencast coal mine is located in the eastern part of the Inner Mongolia Plateau, 3 km north of Xilinhot City, with the geographical coordinates: 115 30 0 -
The whole coal eld is distributed in the northeast-southwest strip. 22 The Shengli no. 1 opencast mine is the best ore eld in regards to coal seams and coal quality, and it is located in the mid-west part of the coaleld, 6 km from Xilinhot city, and includes three outdoor dump sites (south dump, north dump, and side-slope dump) (Fig. 1) has a mid-temperate semi-arid continental grassland climate, with strong winds in spring, autumn and winter, and the main form of soil erosion is wind erosion. The average annual temperature is 1.7 C, the average annual precipitation is 294.74 mm, and the annual average evaporation is 1794.4 mm. 23 The study area belongs to the zonal vegetation area type of typical grassland, and the vegetation coverage is 40-75%. The nonzonal soil is mainly meadow soil, and the organic matter content is 2.00-3.68%. The soil nutrient status is generally phosphorus decient, potassium enriched, and medium in nitrogen, has a pH of 8, and has clear calcium accumulation below 20 cm of the soil surface layer.
Soil sampling and determination
Three typical sites were selected in the Shenhua Beidian Shengli opencast mine in September 2017, which were each built on undamaged land, and on the top platforms of the south and north dumps. The average thicknesses of the soil layers were 20, 40, and 20 cm, respectively, and coal gangue was found below the soil layer of the reclaimed land. To study the chemical properties of the reconstructed soil, three soil proles were excavated randomly from each site; we used a spade to stratify 0-10, 10-20, 20-30, and 30-40 cm soil samples, which were placed into cloth bags. The number, name, soil thickness, reclamation status, and vegetation type of each plot are shown in Table 1 .
The soil chemical properties of the test samples were determined via The Beijing Research Center for Agricultural Standards and Testing, where the SOM content was determined by a volumetric method of K 2 Cr 2 O 7 heating using an electric sand bath. The STN content was determined using an automatic nitrogen analyzer, the SAP content was determined by the Olsen method, the SAK content was extracted by a CH 3 COONH 4 solution and determined by a ame photometer, and the soil pH value was determined by potentiometry.
Data processing
The data were processed and charted using SPSS 25.0 and Microso Excel 2016 soware. One-way ANOVA and Pearson correlation analysis were performed on the soil chemical indicators, with statistical signicance dened as a ¼ 0.05, and extreme signicance dened as a ¼ 0.01. In addition, the grading standards for soil nutrient content in this study area were based on The Second National Soil Census Soil Nutrient Grading Standard (Table 2) , [24] [25] [26] and principal component analysis of the multivariate statistical analysis was applied for the comprehensive evaluation of the soil chemical properties.
Results
Differences in the soil chemical properties
Using reclaimed land from the south and north dumps as the key research objects, the SOM, STN, SAP, SAK, and pH of the reconstructed soil in the dumps were compared with those from the undamaged land. We used one-way ANOVA to analyze the differences between the chemical properties of reconstructed soil from the reclaimed and undamaged land from overall and vertical perspectives.
Overall, there were signicant differences among the indicators (P < 0.05), all of which passed the F test. There was a signicant difference in SOM between the undamaged land and the south dump; the average SOM content in the undamaged land was higher than that in the reclaimed land, but the standard deviation of the SOM in the undamaged land was lower than those in the reclaimed lands (Fig. 2a) . There was a signicant difference in the STN between the undamaged and reclaimed lands, while the difference between the reclaimed lands was not signicant, and the average content and standard deviation of the STN in the undamaged land were greater than those in the reclaimed lands (Fig. 2b ). There were signicant differences in SAP and SAK between the reclaimed lands; the differences between the reclaimed and undamaged lands were not signicant, and the average SAP and SAK levels in the north dump were higher than those in the undamaged land and the south dump ( Fig. 2c and d ). There were signicant differences in pH between the south dump, the undamaged land, and the north dump, and the average value and standard deviation of the pH in the south dump were higher than those in the north dump and the undamaged land (Fig. 2e) . Overall, the SOM and STN content of the reconstructed soil in the north dump aer 8 years of reclamation had not reached the levels observed in the undamaged land, while the SAP and SAK content in the north dump had reached the levels observed in the undamaged land. However, aer 4 years of reclamation, there were signicant differences in the soil chemical properties between the south dump and the undamaged land. Based on the soil nutrient grading standards set forth in The Second National Soil Census Technical Regulations (Table 2) , the soil nutrient status in the mining area was graded and is shown in Table 3 . Comparative analysis revealed that the nutrient levels of SOM and STN in the undamaged land were higher than those in the north and south dumps. The nutrient levels of SAP and SAK in the north dump were higher than those in the undamaged land and the south dump. We inferred that the soil nutrient status of the undamaged land and the north dump in the mining area was better than that in the south dump. However, the SAP content in the grassland mining area was generally lacking, and opencast mining activities resulted in a substantial loss of soil nutrients. But aer land reclamation, the nutrient status of the reconstructed soil improved as the number of reclamation years increased. Notably, following 8 years of reclamation, the SAK content in the north dump exceeded that in the undamaged land and reached the rst level.
In the vertical section, the soil chemical properties of the undamaged and reclaimed land were analyzed by one-way ANOVA (Fig. 3) . In the 0-10 cm soil layer, the SOM and STN levels were signicantly different between the undamaged land and the south dump, and the average levels of SOM and STN in the undamaged land were higher than those in the north and south dumps. There was a signicant difference in SAK amongst the reclaimed lands, but the differences between the undamaged and reclaimed lands were not signicant, and the average SAK content in the north dump was higher than that in the undamaged land and the south dump. The differences in SAP and pH between the reclaimed and undamaged lands were not signicant. In the 10-20 cm soil layer, the differences in the soil chemical properties were not different from those in the 0-10 cm layer between the undamaged and reclaimed lands; however the STN content between the north and south dumps was signicantly different at a depth of 10-20 cm. In the 20-30 cm soil layer, the difference in SOM between the undamaged and reclaimed lands was consistent with that in the 0-20 cm layer. There was a signicant difference in STN between the undamaged land and the south and north dumps; the average STN content in the undamaged land was higher than that in the north and south dumps. The differences in SAP, SAK and pH between the reclaimed and undamaged lands were not signi-cant. In the 30-40 cm soil layer, there were no signicant differences in SOM, SAK, and pH between the reclaimed and undamaged lands. There was a signicant difference in STN between the undamaged land and the north dump, and the average STN content in the undamaged land was higher than that in the south and north dumps. There was a signicant difference in SAP among the reclaimed lands; however, the differences between the undamaged and reclaimed lands were not signi-cant, and the average SAP content in the north dump was higher than that in the undamaged land and the south dump. The differences in the soil chemical properties between the reclaimed and undamaged lands at 0-10 cm were consistent with those at 10-20 cm, while the differences in the soil chemical properties between the reclaimed and undamaged lands at 20-40 cm differed from those at 0-20 cm. This may be associated with the conguration of the soil prole; the heterogeneity of the reconstructed soil prole conguration may have led to differences in its chemical properties, compared with those of the undamaged land.
Correlation analysis of the soil chemical properties
Soil nutrient quality directly affects the direction of succession and the speed of vegetation communities in grassland mining areas. 27, 28 The main nutrient indicators, such as SOM, STN, SAP, and SAK, are both independent and interdependent, and they have a close relationship with the soil pH value. Therefore, we analyzed the correlations of the soil chemical properties (Table 4) , which provided recommendations for improving soil pH and for rational fertilization.
Except for pH, in the undamaged land, there are positive correlations between the soil nutrient indicators. However, the correlations between most indicators are not signicant (P > 0.05). The correlation between SOM and STN was signicant and positive (P < 0.01), with a correlation coefficient of R ¼ 0.97. There was a signicant positive correlation between SAP and SAK (P < 0.05), and the correlation coefficient was R ¼ 0.91. However, the correlations between the soil pH and the soil nutrient indicators were very weak or non-existent (À0.02 < R < 0.02). For the south dump, there were signicant positive correlations between SOM and STN and SAK, with correlation coefficients of 0.76 and 0.78, respectively. There was a signi-cant positive correlation between STN and SAK, and the correlation coefficient was R ¼ 0.71. In addition, the correlation between SAP and the other soil nutrient indicators was weak or non-existent (À0.02 < R < 0.02), and the negative correlations between the soil pH and the soil nutrient indicators were not signicant. For the north dump, there were positive correlations between the soil nutrient indicators. There was a signicant positive correlation between SOM and STN, and a signicant negative correlation with the soil pH value, with correlation coefficients of 0.67 and À0.86, respectively. There was a signi-cant positive correlation between STN and SAK, and the correlation coefficient was R ¼ 0.72. In addition, the correlations between the other indicators in the sample were not signicant.
The above analysis revealed that in the damaged land formed by mining following reclamation, the correlation between SOM and STN was weaker than that in the undamaged land, whereas the correlation between STN and SAK was signicantly stronger than that in the undamaged land.
The correlations between the soil chemical properties were analyzed (Table 5) in the vertical section. In the 0-10 cm soil layer, there were signicant (P < 0.05) positive correlations between the soil nutrient indicators. There were extremely signicant positive correlations between SOM and STN and SAK (P < 0.01), and a signicant positive correlation between SOM and SAP, with correlation coefficients of 0.90, 0.88, and 0.69, respectively. There were signicant positive correlations between STN and SAP and SAK, with correlation coefficients of 0.75 and 0.68, respectively. SAP was signicantly and positively correlated with SAK, and the correlation coefficient was R ¼ In the 0-40 cm soil layers, there were signicant or highly signicant positive correlations between SOM and the other nutrient indicators, and negative correlations with the soil pH, indicating that SOM is the core element associated with the chemical transformation of soil. With an increase in soil depth, the correlations between the soil chemical properties tend to decline sharply.
Comprehensive evaluation of the soil chemical properties
As the levels and rankings of SOM, STN, SAP, SAK, and pH in the undamaged and reclaimed lands differed, a single chemical indicator can only reect a certain aspect of the soil quality, therefore principal component analysis should be used to comprehensively evaluate the soil chemical status in mining areas. 24, 29, 30 We used SPSS 25.0 to analyze the above-mentioned soil chemical properties. Through the pre-selection of variables, two principal component variables were selected in this study (Table 6) , and the contribution to variance was 53.14 and 21.76%, respectively. The cumulative contribution rate was 75.27%, indicating 75.27% information from each test sample, and a 24.73% loss of information. Table 7 shows that SOM, STN, SAK, and pH have higher loads on the rst principal component, indicating that this component reects the information on SOM, STN, SAK, and pH. Conversely, SAP had a higher load on the second principal component, indicating that this component reects information on SAP.
Based on (1), the corresponding coefficients of the respective indicators of the principal components are shown in Table 8 . The coefficients are substituted into (2) and (3) to obtain the F 1 and F 2 values of the principal components 1 and 2, and the comprehensive scores (F value) of the indicators are subsequently calculated using (4). a Extraction method: principal component analysis. Extraction principle: when the eigenvalues $1, it corresponds to the rst "n" principal components where U i represents the principal component load matrix, A i represents the initial factor load matrix, and l i represents its corresponding eigenvalue. ZX 1 , ZX 2 , ZX 3 , ZX 4 , and ZX 5 are values normalized by the original variables, including SOM, STN, SAP, SAK, and the soil pH value. F is the comprehensive score, F 1 and F 2 are the scores of the main components 1 and 2, respectively, and l 1 and l 2 are the main components 1 and 2, respectively corresponding to the eigenvalues. Based on the above calculations, we obtained the main component scores, and the comprehensive scores of the soil chemical properties in the different regions are shown in Table 9 . We found that the higher the comprehensive score, the better the soil chemical properties. The results show that the soil chemical properties in the north dump aer 8 years of reclamation are the best, with a comprehensive score of 0.48, followed by those of the undamaged land, with a comprehensive score of 0.45. Finally, the soil chemical properties in the south dump aer 4 years of reclamation were the worst, with a comprehensive score of À0.93. Therefore, the chemical properties of the reconstructed soil improved as the number of reclamation years increased.
The results of the principal component analysis (Table 10 ) revealed that the comprehensive scores of the soil chemical properties in the 0-10 cm soil layer were the highest, followed by those in the 10-20, 30-40, and 20-30 cm layers, at 0.84, 0.17, À0.32, and À0.34, respectively. This indicated that the values for the chemical properties of the soil decreased with an increase in soil depth; the nutrient status of the surface soil was better than that of the other soil layers, and the comprehensive chemical properties of the soils below 20 cm were very similar.
Discussion
Effects of mining and reclamation on the soil chemical properties
Opencast coal mining activities severely damage the original geological formations, causing inevitable damage to the soil and vegetation. 31 In order to analyze the chemical properties and differentiation mechanisms of the reconstructed soils, we have reviewed the literature. Jobbágy et al. 32 believe that the SOM content in the topsoil is higher than that in the deep layer, whether it is reclaimed or undamaged, which may be related to the conversion of the surface soil litter to humic acid. In general, except for a few prokaryotes, animals and plants can not directly use inorganic nitrogen in soil and oceans. Nitrogen conservation and effective circulation are essential for maintaining ecosystem productivity, 33 but opencast coal mining reduces STN content. Bronick et al. 34 found that land reclamation activities can help increase the proportion of reconstructed soil aggregates, thereby reducing soil nutrient loss caused by rainfall and irrigation, which may be one of the reasons why the SAP and SAK levels in the reconstructed soil increased relative to those in natural soil. The SAP and SAK levels in the undamaged land were lower, probably due to the absorption and assimilation of P and K elements in the plant roots during ecosystem reconstruction. Related studies have shown that pH can regulate the availability of plant nutrients and can play an important role in plant recovery, but the soil disturbance caused by mining seriously impacts the soil pH value, and bedrock and carbonate mulch promote an increase in soil pH. 11, 12, 35 4.2 Inuence of reclamation years on the soil chemical properties Reclamation years are important for measuring soil quality following reclamation. We found that the impact of mining on the chemical properties of the reconstructed soil in the grassland mining area was similar to that in other opencast mines, but a difference existed when considering reclamation years. Li 36 and Wang et al. 37 believe that the SOM and STN levels decrease aer mining, and that it takes decades for them to recover to near natural levels. In the present study, there was no signicant difference in the SOM content between the undamaged land and the north dump aer 8 years of reclamation, but a signicant difference was still found for STN content. The SOM and STN levels in the south dump aer 4 years of reclamation were lower than those in the north dump. In addition, the SAP and SAK levels in the north dump were higher than those in the undamaged land, as reported by Cao et al. 12 and Banning et al. 38 As the number of reclamation years increases, the amount of P and K available for direct use by plants increases. Regarding pH, the pH in the south dump was higher than that in the north dump and the undamaged land. In general, the soil chemical properties in the south dump aer 4 years of reclamation were signicantly different from those in the undamaged land, and the differences between the north dump aer 8 years of reclamation and the undamaged land were small. Therefore, the number reclamation years is an important factor affecting the quality of land reclamation.
Improvements in the chemical properties of reconstructed soil
Based on nutrient grading, we found that the soil nutrient status of the undamaged land and the north dump was better than that of the south dump. Shi 24 reported that the SAP content in grassland mining areas is generally lacking. Opencast mining activities lead to a substantial loss of soil nutrients, 39 however, in the present study, the SAK content of the north dump aer 8 years of reclamation exceeded that of the undamaged land, and was level 1. In addition, Cao et al. 40 and Wang et al. 20 reported signicant or highly signicant positive correlations between SOM and the other nutrient indicators. How to utilize the main role of SOM in nutrient conversion and circulatory systems is important for current reclamation work.
We used principal component analysis to comprehensively evaluate the soil chemical status of the mining area in the present study. The chemical property score of the soil in the north dump was 0.48, the comprehensive score in the undamaged land was 0.45, and the comprehensive score in the south dump was À0.93. Therefore, as the number of reclamation years increased, the comprehensive status of the reconstructed soil chemical properties improved, 41, 42 which may be due to the different levels of coal gangue in the process of land reclamation. In the study area of the present analysis, coal gangue was contained in the soil layer below 20 cm in the north dump and below 40 cm in the south dump. With the weathering of coal gangue, the SOM content in the soil increases, 20 leading to improvements in the chemical quality of the soil in the north dump compared with that in the south dump. Therefore, in grassland mining areas where topsoil is scarce, the weathering effect of coal gangue can be used to improve the soil chemical properties, such that the topsoil and coal gangue can be used to construct the soil prole.
In addition, the chemical properties of the soil in the 0-10 cm soil layer were the most desirable, and the comprehensive score F was 0.84, which is signicantly higher than those of the other soil layers. This is followed by the 10-20 cm soil layer (F ¼ À0.17), the 20-30 cm layer (F ¼ À0.34), and the 30-40 cm layer (F ¼ À0.32). This shows that the chemical properties of the soil deteriorate with an increase in soil depth, and the comprehensive chemical properties of the 20-30 and 30-40 cm soil layers are the most similar; this is consistent with the results reported by Sun et al. 43 and Sun et al. 44 As the number of reclamation years increases, the quality of the surface soil continues to improve, and the quality of the surface layer is higher than the lower layer.
Conclusions
Opencast mining destroys the chemical properties of natural soil; the chemical properties of the reconstructed soil prole gradually improve following land reclamation. The SAP and SAK levels in the north dump aer 8 years of reclamation were higher than those in the undamaged land. The SOM and STN levels in the north dump were lower than those in the undamaged land, but the soil nutrient content in the south dump aer 4 years of reclamation was lower than that in the undamaged land, while the pH in the south dump was higher than that in the undamaged land. Via principal component analysis, we found that the chemical properties of the soil improved as the number of reclamation years increased; the chemical quality of the soil improved, but the chemical quality of the soil gradually decreased with increasing soil thickness.
Improving the chemical quality of reconstructed soil in the reclaimed land is essential for rebuilding vegetation and ecological restoration. Using correlation analysis, we found that SOM is a core element that is important for the soil chemical properties in grassland opencast mining areas with scarce topsoil and arid climate. In the 0-40 cm soil layer, the correlations between the soil chemical properties gradually decrease from top to bottom, and gradually change from interdependent to mutually independent. Based on the above research, we found that the use of topsoil and coal gangue to layer the soil prole can effectively improve the chemical properties of the reconstructed soil prole.
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